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Abstract
Wasps encompass solitary, communal, and facultative, obligate, and swarm-founding social species and are
important model organisms for study of the origin and elaboration of insect sociality. Common names for
social species are hover wasps, paper wasps, yellowjackets, hornets, and swarm-founding wasps. Excepting a
few communal species, all social wasps are in a single family, Vespidae. Social wasps occur worldwide except in
extreme dry or cold climates. Nourishment dynamics and dominance interactions shape intra-colony social
structure. Communication can be chemical, vibrational, or visual. Differentiation of egg-layers and workers
can occur among adults or larvae via differential feeding, dominance, and corresponding changes in gene
expression. Some species have definitive queen and worker castes determined during larval development.
Most colonies are comprised of related individuals, but workers may care for unrelated individuals. The
diversity of social forms makes wasps one of the most informative taxa for integrative and comparative studies
of ecological and genetic drivers of cooperative behavior and the evolution of insect sociality.
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4 Sociality in Wasps 
James H. Hunt and Amy L. Toth 
Overview 
Wasps encompass solitary, communal, and facultative, obligate, and swarm-founding 
social species and are important model organisms for study of the origin and elaboration 
of insect sociality. Common names for social species are hover wasps, paper wasps, 
yellowjackets, hornets, and swarm-founding wasps. Excepting a few communal species, 
all social wasps are in a single family, Vespidae. Social wasps occur worldwide except 
in extreme dry or cold climates. Nourishment dynamics and dominance interactions 
shape intra-colony social structure. Communication can be chemical, vibrational, or 
visual. Differentiation of egg-layers and workers can occur among adults or larvae via 
differential feeding, dominance, and corresponding changes in gene expression. Some 
species have definitive queen and worker castes determined during larval development. 
Most colonies are comprised of related individuals, but workers may care for unrelated 
individuals. The diversity of social forms makes wasps one of the most informative taxa 
for integrative and comparative studies of ecological and genetic drivers of cooperative 
behavior and the evolution of insect sociality. 
SOCIAL DIVERSITY 
4.1 How Common is Sociality in Wasps? 
84 
Order Hymenoptera has about 115,000 described species out of an estimated one 
million. Social wasps occur in only three of more than 37 families of stinging wasps 
(Aculeata): Pompilidae, Sphecidae, and Yespidae. All ants and some bees are social , but 
most Hymenoptera are solitary. Social wasps comprise a minuscule fraction of 
Hymenoptera. 
We sincerely thank two anonymous reviewers who responded to an early draft with detailed and very helpful 
critiques. Improvements reflecting their substantial knowledge and experience exist throughout the chapter. 
Raghavendra Gadagkar participated in early discussions and contributed to identifying and organizing topics. 
We thank the editors, Dustin Rubenstein and Patrick Abbot, for text reviews and for finding a delicate balance 
between encouragement and prodding in our progress toward completion, although we all agree that a bit more 
prodding wa~ called for. 
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4.2 Forms of Sociality in Wasps 
All wasp societies are centered on nests within which larvae are reared (Wenzel, 1991). 
Few Pompilidae construct nests (Evans & Yoshimoto, 1962). All Sphecidae and 
Vespidae construct nests or use pre-existing nest-like cavities, but most Sphecidae 
and Vespidae are solitary. A few wasp species have communal sociality in which 
several same-generation females interact among themselves on a shared nest, but their 
life history is otherwise the same as solitary wasps. Wasp sociality is otherwise founded 
on solitary life with maternal care (i.e. subsociality) and encompasses facultative, 
obligate, and swarm-founding sociality (Tables 4.1 and 4.2), all of which occur only 
in Vespidae. 
Vespidae has six currently recognized subfamilies (Carpenter, 1982), although 
molecular phylogenetic analysis points to "zethines" as a seventh subfamily, Zethinae 
(Hines, et al., 2007) (Figure 4.1 ). Figure 4.2 uses the phylogeny of Hines, et al. (2007) 
to illustrate the forms of sociality in the subfamilies of Vespidae. Solitary life histories 
characterize Euparagiinae ( 1 genus, I 0 species, Carpenter & Kimsey, 2009), Masarinae, 
(19 genera, 250 species [including one communal species], Gess, 1996), and most 
Eumeninae including "zethines" (180 genera, more than 3,000 species, Carpenter, 
1986). Subfamilies Stenogastrinae, Vespinae, and Polistinae (shown divided into its 
four tribes [names ending .. .ini]) are comprised entirely of social species. All Steno-
gastrinae (stenogastrines) have facultative sociality. Vespinae (vespines) have obligate 
sociality, excepting the swarm-founding genus Provespa. Polistinae (polistines) is 
comprised of paper wasps, which have obligate sociality, and three independent lin-
eages of swarm-founding wasps: Epiponini (epiponines), Polybioides, and Ropalidia 
subgenus Jcarielia. Reproductive and worker castes exist only among females, which 
are the focus of discussion unless males are specifically mentioned. 
Although phylogenetic analysis of combined morphological, behavioral and molecu-
lar data yields a single origin of sociality (Pickett & Carpenter, 2010; Piekarski, et al., 
2014), four molecular phylogenetic studies that exclude phenotype data (Schmitz & 
Moritz, 1998, 2000; Hines, et al., 2007; Piekarski, et al., 2014) and four re-analyses of 
the Hines, et al. (2007) data by Pickett & Carpenter (2010) show Stenogastrinae to be a 
separate clade from Polistinae and Vespinae, implying that sociality evolved twice in 
Vespidae. 
4.2.1 Communal Sociality 
Communal nesting occurs in a few species of Crabronidae, Pompilidae, Sphecidae, and 
subfamily Eumeninae of Vespidae. Two or more same-generation adults construct a 
nest of aggregated brood cells where females interact, but each produces its own 
offspring. Communal societies Jack castes and often contain non-relatives (Wcislo & 
Tierney, 2009). Possible benefits include passive or active nest defense and shared nest 
construction costs. Possible costs include nest cell usurpation and theft of prey items 
from nestmates' nest cells. 
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Table 4.1 Grades of wasp sociality and example taxa. Taxa and references in the table are a small sample of a large 
literature. Evans & West-Eberhard (1970), Spradbery (1973), and Hunt (2007) review both solitary and social wasps. 
O'Neill (2001) reviews solitary wasps. Spradbery (1973) and Ross & Matthews (1991) review social wasps. Turillazzi 
(1991, 1996, 2012) reviews Stenogastrinae. Gadagkar (1991 a) reviews Polistes, Belonogaster, Parapo/ybia and 
independent-founding Ropalidia. Turillazzi (1996) reviews Belonogaster. Gadagkar (1996, 2001) treats a single species, 
Ropalidia marginata, in depth. Reeve (1991) and Turillazzi & West-Eberhard (1996) review Polistes. Edwards (1980), 
Matsuura & Yamane (1990), Matsuura (1991 ), Greene (1991 ), and Archer (2012) review Vespinae. Jeanne (1991 b) 
reviews the swarm-founding genera Ropalidia, Polybioides, Provespa, and polistine tribe Epiponini. 
Grade of sociality and example taxa 
Solitary 
Yespidae 
Euparagiinae 
Masarinae 
majority of Eumeninae 
Communal 
Pompilidae 
Auplopus semialatus 
Sphecidae 
Cerceris australis 
Vespidae 
Masarinae 
Trimeria howardi 
Eumeninae 
Zethus miniatus 
Communal with Overlapping Generations 
Yespidae 
Eumeninae 
Montezumia cortesioides 
Variably Solitary to Social 
Sphecidae 
Pemphredoninae 
Microstigmus comes 
Arpactophilus mimi 
Spilomena subterranea 
Facullative Sociality 
Vespidae 
Stenogastrinae 
Eustenogaster species 
References 
O'Neill, 2001 
Clement & Gressell (1968); Trostle & Torchio ( 1986) 
Gess (1996) 
Cowan (1991) 
Wcislo & Tierney (2009) 
Wcislo, et al. (1988) 
Evans & Hook (1982) 
Zucchi, et al. (1976) 
West-Eberhard (l 987a) 
West-Eberhard (2005) 
Lucas, et al. (20 I 1) 
Matthews & Naumann (1988) 
McCorquodale & Naumann (1988) 
Field (2008); Turillazzi (1991, 2012) 
Hansell ( 1987) 
Obligate Sociality without Queen/Worker Dimorphism 
V espidae Ross & Matthews ( 1991) 
Polistinae Turillazzi & West-Eberhard (1996) 
Polistini 
Polistes (200+ species) 
Mischocyttarini 
Mischocyttarus drewseni 
Hunt (2007); Reeve (1991) 
Jeanne (1972) 
Table 4.1 (cont.) 
Grade of sociality and example taxa 
Ropalidiini 
Ropalidia marginata 
Belonogaster petiolata 
Parapolybia varia 
Obligate Sociality with Queen/Worker Dimorphism 
Vespidae 
Polistinae 
Polistini 
Polistes olivaceous? 
Ropalidiini 
Ropalidia ignobilis 
Vespinae 
Vespa crabro 
Vespula consobrina 
Dolichovespula maculata 
Swarm-Founding Sociality 
Vespidae 
Polistinae 
Epiponini 
Polybia occidentalis 
Ropalidiini 
Ropalidia montana 
Polybioides tabidu.~ 
Vespinae 
Provespa anomala 
References 
Gadagkar (2001) 
Keeping (1992) 
Yamane (1985) 
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Alam (1958); Kundu (1967) 
Wenzel (1992) 
Archer (2012); Matsuura & Yamane (1990) 
Archer (1993) 
Akre, et al. (1982) 
Akre & Myhre (1992) 
Jeanne (199la); West-Eberhard (1982) 
Hunt, et al. ( 1987); Jeanne (1986) 
Jeanne & Hunt (1992); Yamane, et al. (1983) 
Turillazzi, et al. (l 994) 
Matsuura ( 1999) 
Subterranean Cerceris australis (Crabronidae) nests can reach 100 nest cells with two 
or three overlapping generations (Evans & Hook, 1982). Female Auplopus semialatus 
(Pompilidae) can cooperatively construct nest cells, defend against parasitoid wasps, 
and tolerate one another, but only in the absence of available prey (Wcislo, et al., 1988). 
When spider prey arrive at the nest, aggression ensues and spiders are taken from other 
nest cells; therefore these wasps act as communal cleptoparasites (Wcislo, et al., 1988). 
In Sphecidae, multiple Arpactophilus mimi females construct nests in abandoned 
nest cells of mud dauber wasps. Limited availability of unoccupied mud dauber nest 
cells may be a factor in A. mimi sociality (Matthews & Naumann, 1988). Spilomena 
subterranea varies from solitary to shared nesting with an average of 2.5 females and 
0.8 males (McCorquodale & Naumann, 1988). Sociality varies both within and among 
Microstigmus species. About half of M. comes nests contain two or more females 
(Matthews, 1968) that cooperatively mass provision nest cells with Collembola. Genetic 
data indicate egg laying by only one wasp (Ross & Matthews, 1989a,b). More than one 
wasp (maximum six) occupied 37 of 58 nests of M. nigrophthalmus (Lucas, et al., 
2011). M. nigrophthalmus nest cells are progressively provisioned, and nests are usually 
inherited and re-used through several successive generations (Melo, 2000). Thus, 
Microstigmus possesses the most developed sociality outside of Vespidae. 
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Table 4.2 Life history characteristics and their fitness benefits for grades of wasp sociality. 
Grade of sociality 
Solitary; Communal; Communal with 
Overlapping Generations; Variably Solitary to 
Social 
Mass Provisioning 
Construct cell to contain a single offspring; cells may 
be separate or contiguous in a nest; oviposit in empty 
cell; provision cell with multiple prey items that have 
been stung and lightly anesthetized 
Truncated Progressive Provisioning 
Construct single cell, lay egg, wait for egg to hatch; 
place prey items that have been mandibulated until 
flaccid into cell slowly as the larva eats them and 
grows, then fill cell quickly with prey and seal it in the 
later stages of larval growth 
Fully Progressive Provisioning 
Fitness benefits 
Multiple prey items obviate need to find single prey 
item of sufficient mass to rear wasp larva; 
anesthetization ensures that prey items remain alive 
and do not decay prior to being eaten by the wasp 
larva 
Prey items that have been mandibulated until flaccid 
reduce risk that prey items will introduce 
endoparasitoids in the prey item into the nest cell 
where they might kill the wasp larva; mandibulation 
of the prey item kills it; therefore it will not remain 
fresh if the cell was mass provisioned, and thus 
progressive provisioning is necessary 
Progressively provision single nest cell with prey Further reduces risk of introducing endoparasitoids in 
items that have been mandibulated until flaccid before prey items 
sealing cell when larva has completed growth and is 
ready to pupate 
Facultative Sociality 
Nests founded by single wasp or small group; nest 
cells may or may not be contiguous; multiple cells 
open simultaneously and can contain larvae of all 
developmental stages from egg to fully grown; often 
but not always multiple adults are at a nest; adults 
emerge from pupation while larvae are present in 
other nest cells; indirectly feed multiple larvae 
simultaneously using prey items that have been 
lightly minced in the mandibles; feed on clear liquid, 
probably produced by larvae with large salivary 
glands; share liquids among adults via mouth- to-
mouth trophallaxis; new adults may or may not 
remain at natal nest 
Obligate Sociality 
Nests founded by single wasp or small group; 
contiguous multiple cells open simultaneously 
containing larvae of all developmental stages from 
egg to fully grown; directly feed multiple larvae 
simultaneously using prey items that have been 
thoroughly malaxated in the mandibles; imbibe 
hemolymph from malaxated prey; drink nutritious 
larval saliva directly from larvae; share liquids among 
adults via mouth to mouth trophallaxis; first-emerged 
Multi-cell nest accommodates larvae that span ages 
from egg to fully grown, enabling continuous nest 
enlargement rather than rather than step-like as in 
communal wasps; minced prey items obviate risk of 
introducing parasitoids in prey items; indirect feeding 
lets larva consume prey item over short time span; 
multiple adults enable partitioning into maternal 
reproductive and allomatemal worker roles; 
emergence of offspring while larvae are present in 
other nest cells provides opportunity for allomatemal 
care; clear liquid may be larval saliva and, if so, 
nourishing to adults that consume it; trophallaxis 
distributes nourishment among adults; adults have 
diverse reproductive options 
Multi-cell nest accommodates larvae that span ages 
from egg to fully grown, enabling continuous nest 
enlargement rather than rather than step-like as in 
communal wasps; malaxation obviates risk of 
introducing endoparasitoids from prey items; 
malaxated prey would decay quickly, which is 
obviated by direct feeding; the prey hemolymph 
imbibed during malaxation is a source of rich 
nourishment; larval saliva is a source of rich 
Table 4.2 (cont.) 
Grade of sociality 
offspring typically remain at natal nest and engage in 
allomatemal behavior; foundress(es) or other egg 
laying wasps cannot produce reproductive offspring 
without allomatemal care by wasps that emerge at the 
nest; Vespinae have developmental switch point 
leading to distinct worker and gyne phenotypes; 
colony lifetime is determinate - annual in temperate 
zones, longer term in tropics 
Swarm-founding Sociality 
Colonies of multiple adults containing reproductive(s) 
and workers; reproductive units are swarms 
containing reproductive(s) and workers; never a life 
cycle stage of reproductive(s) without workers; 
feeding and nourishment patterns as in obligate 
sociality 
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Fitness benefits 
nourishment; trophallaxis distributes nourishment 
among adults; allomatemal behavior of first-emerged 
adults at their natal nest contributes to accelerated egg 
laying by queen or other egg-layer, accelerated nest 
expansion, and enhanced nourishment of nestmate 
larvae that will become reproductives 
Continuous presence of workers supports higher 
number of reproductive offspring produced by colony 
reproductive(s), however reproductive units are new 
swarms rather than new individual reproductive 
offspring 
Communal Vespidae include Trimeria howardi (Masarinae) (Zucchi, et al., 1976) 
and three Eumeninae, including "zethines": 'Zethus miniatus (West-Eberhard, 1987a), 
Xenorhynchium nitidulum (West-Eberhard, l 987b), and Montezumia cortesioides 
(West-Eberhard, 2005). There may be other communal eumenines (West-Eberhard, 
2005). M. cortesioides reuse brood cells on their shared nest, compete strongly for 
empty cells, and steal prey from open cells (West-Eberhard, 2005). Communal eume-
nines progressively provision their larvae (West-Ebemard, 2005), a life history trait also 
found in all Vespidae with more complex sociality. 
4.2.2 Facultative Sociality 
Found exclusively in Stenogastrinae, the hover wasps, most or all facultatively social 
females, mate and can lay male (unfertilized) and female (fertilized) eggs. Nests are 
typically small, reaching about 100 cells at most, with an average of two to four females 
and thirteen the known maximum (Turillazzi, 2012). Some species average fewer than 
two females per colony, thus they can be called "social" for only brief periods of their 
colony cycle (Turillazzi, 2012). Adult interactions include sharing foraged prey items 
(often via theft from foragers), mouth-to-mouth exchange of nourishment liquids 
(trophallaxis), dominance, and fighting . All show maternal and/or allomatemal (i.e. 
worker) larval care. Multiple females often have developed ovaries, but a single 
dominant or principal egg layer typically lays all the eggs. Reproductive options include 
independent nest founding, usurping a nest from its foundress, joining a single female at 
a newly founded nest, joining a multi-female association, adopting an orphan nest 
containing older brood, or working at the natal nest awaiting ascent in the dominance 
hierarchy to become the egg layer. Queen turnover is high, nest-sharing adults are often 
unrelated, and care of unrelated larvae is common. Non-reproducing worker status for a 
90 James H. Hunt and Amy L. Toth 
Epiponini 
Polistini 
Mischocyttarini 
Ropalidiini 
Vespinae 
"zethines" 
Eumeninae 
Euparagiinae 
Masarinae 
~-------<3 Stenogastrinae 
Rgure 4.1 Subfamilies of Vespidae and Tribes of Polistinae from a 4-gene molecular 
phylogeny. Eumeninae sensu stricto and "zethines" taken together have traditionally been 
considered to comprise the subfamily Eumeninae (sensu Lato). Subfamily Polistinae is subdivided 
into its four tribes (names ending in ... ini). Major traits salient to sociality are placed on 
numbered branches where they first appear. 1: Hymenoptera [HJ Suborder Aculeata [Al -
haplodiploidy [HJ, monandry [HJ, emergence from pupation with undeveloped ovaries [AJ, 
constraint by the wasp waist to obtain liquid nourishment [A]. 2: (Vespidae) Females 
solitary, nesting behavior, oviposition precedes larval provisioning, nest cells constructed and 
provisioned sequentially, one offspring per nest cell, larvae provisioned with intact prey. 
3: (Stenogastrinae) Solitary foundress or co-foundresses, multiple larvae provisioned 
simultaneously until pupation, larvae progressively provisioned with minced or lightly malax.ated 
prey, provisioning indirect (not mouth to mouth), adulL~ lap saliva from ventral portion of larvae 
(not mouth-to-mouth). 4: (Vespinae + Polistinae) Solitary foundress, multiple larvae provisioned 
simultaneously until pupation, provisioning direct (mouth-to-mouth) with thoroughly malax.ated 
prey, adults at the nest drink prey hemolymph during malax.ation and larval saliva (mouth-to-
mouth). 5: (Vespinae) Morphologically discrete worker and queen castes, most species with 
obligate sociality, one single-queen swarm-founding genus. 6: (Ropalidiini) Some species with 
obligate sociality, other species are multi-queen swarm-founding. 7: (Epiponini) Multi-queen 
swarm-founding colonies. Details and additional traits are given in Hunt (1999, 2007). 
full lifetime characterizes failure to ascend the dominance hierarchy and become the 
dominant egg-layer (Field, et al., 1999; Shreeves & Field, 2002). 
4.2.3 Obligate Sociality 
Vernacular names for wasps with obligate sociality (usually called independent founding) 
are paper wasp for independent-founding Polistinae, hornet for Vespa, and yellowjacket 
for Vespula and Dolichovespula (sometimes called blackjackets). In obligate sociality, a 
solitary foundress, albeit of a social species, is de facto a solitary wasp that constructs the 
nest, lays the eggs, and forages for nourishment for herself and her larvae before her first 
adult offspring emerge (Hunt, 2007). First-emerged offspring remain at their natal nest 
and direct allomaternal (worker) behavior toward larvae that are not their own. This 
occurs before the time in their lives they would care for their own larvae; therefore, it is 
heterochronic expression of maternal behavior (Linksvayer & Wade, 2005). The found-
ress diminishes her work and increases egg laying as workers assume larval care. The 
foundress becomes queen, and larvae that workers care for become her reproductive 
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Subfamily Model genera Image Founding Social Reproductive adult caste 
common name(s) phase behavior 
Stenogastrinae Parischnogaster (p) Solitary or Facultative Flexible physiological 
hover wasp Liastenogaster co-to undress sociality castes 
Euparag iinae Euparagia Solitary Solitary n/a 
Masarinae 
pollen wasp 
Pseudomasoris Solitary Solitary n/ a 
Eumeninae Zethus (p) Solitary I 
potter wasp Ancistrocerus Solitary Communal n/ a 
mason wasp Monobia 
Vespinae Vespula (p) Obligate Fixed morphological 
ye llowjacket Dolichovespula, Solitary 
sociality ca stes hornet Vespa 
Polistes (p) Solitary or Obligate Flexible physiological 
paper wasp M ischocyttarus co-to undress sociality castes Ropa//dia (lcaralia) 
Pol istinae 
--·-··-----·-··-·----·------··-·····-···-···-------------.--··········· ·-·--·----·-····--·- ·········-··· ········································ ·····-···········-·-··--·····----··-
swarm-found ing Polybia (p) Swarm- Casteless; flexible to fixed 
wasp Apoica Swarm founding physiological castes; Agelaia 
sociality mono- to di-morphic Ropalidia (lcarielia) 
Figure 4.2 V espidae phylogenetic tree showing model genera and features of sociality for each 
subfamily. Almost all species of Vespinae are characterized by solitary foundresses, except 
swarm-founding with a single queen in Provespa. Polistinae is divided into paper wasps and 
swarm-founding wasps. The solitary founding life history, including co-founding, is called 
independent founding. Swarm-founding with multiple queens evolved three times in Polistinae: 
Epiponini in the Western Hemisphere (e.g. Polybia, Apoica, Agelaia) and, in the Eastern 
Hemisphere,, Polybioides and Ropalidia subgenus lcarielia. Swarm-founding therefore evolved 
independently four times in Vespidae. In the figure, (p) signifies photograph. 
offspring. Because the queen's production of reproductive offspring requires workers, 
sociality is obligate. Obligately social polistines lack morphological castes, and all 
females can be inseminated and lay eggs; therefore, they are sometimes called "primi-
tively eusocial." Obligately social vespines are sometimes called "advanced eusocial" 
because queens are discretely larger than workers and can mate and store sperm, whereas 
workers cannot (Gotoh, et al., 2008). These traits phylogenetically separate Vespinae 
from Polistinae, but their obligate sociality life history is the same. 
There are exceptions to obligate sociality. Some single foundress Polistes biglumis 
produce reproductive offspring as the first and only brood (Fucini, et al., 2009). 
Ropalidia formosa nests with only two wasps are "nearly solitary" (Wenzel, 1987a). 
Several Polistinae and Vespinae are obligate social parasites that evict the foundress of 
another species from her nest at about the time her first offspring emerge, and the 
foundress' workers thereafter rear reproductive offspring of the social parasite, which 
has no worker offspring (Cervo & Dani, 1996; Greene, 1991). 
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-------·-----~ 
Founding phase 
Quiescence phase 
~ l•, I 
Worker phase 
Figure 4.3 Colony cycle of an annual paper wasp, exemplified by Polistes metricus. Founding 
Phase. The annual cycle begins (arrow) when a female emerges from quiescence with undeveloped 
ovaries. Feeding at flowers enables ovary development, which precedes nest founding. Oviposition 
occurs immediately upon initiation of each nest cell by the now-maternal foundress (crown icon) 
that performs all maternal behaviors in addition to oviposition, including foraging, feeding larvae, 
and nest construction. At this stage she is de facto a solitary wasp. Worker Phase. The first female 
offspring to emerge in early summer are workers (hard hat icon) that forage, feed larvae, and 
construct the expanding nest. The foundress transitions into a true social queen that limits her 
activities to oviposition and feeding larvae using foods brought to the nest by workers. 
Reproductive Phase. Female offspring emerging in mid-summer are non-working future 
foundresses called gynes (tiara icon). Males, not shown, emerge synchronously with gynes. Decline 
Phase. ln late summer the queen and workers die. Gynes and males depart the nest, which now is 
empty and unattended. Quiescence Phase. Gynes and males mate and feed at fall flowers. With the 
onset of cooler weather, males die, and gynes enter a torpor-like quiescence in sheltered 
concealment. Workers live, at most, only from their emergence until the end of the reproductive 
phase. A gyne from one year can become a foundress and then queen the following year, thus the 
tiara to crown transition occurs in individuals. Figure reprinted from Hunt, et al. (2011). 
Figure 4.3 shows the annual colony cycle of Polistes metricus, a temperate zone 
single-foundress paper wasp with obligate sociality. A solitary foundress constructs the 
nest and rears her first offspring. Workers emerge physiologically primed for ovary 
development and reproduction (Bohm, 1972; Mead, et al., 1995), and when they 
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encounter larvae in other nest cells, those larvae act as releaser cues for allomaternal 
behavior. Non-working females called gynes emerge in mid-to-late portions of the 
active phase. Gynes have characteristics of reproductive diapause (Deleurance, 1949, 
1952; Hunt & Amdam, 2005; Hunt, et al., 2007, 2010) and never exhibit ovary 
development during the year in which they emerge. Instead, they mate, overwinter, 
and become foundresses and, after the first workers emerge, colony queens in the 
following year. Paper wasp colonies lasting longer than one year occur in moist, 
aseasonal tropics. Phylogeographic cladistics analysis places the origin of Polistes in 
Southeast Asia (Santos, et al. , 2014). 
Most Vespa, Vespula, and Dolichovespula have the same life cycle as temperate zone 
paper wasps. Some Vespa living in aseasonal tropics of southeast Asia have colonies 
lasting longer than one year, and some tropical hornets have multiple foundress colonies 
formed when several inseminated gynes join a foundress on its nest prior to worker 
emergence (Matsuura, 1991; Kojima, et al., 2001). Some yellowjackets occasionally 
have colonies that last longer than one year and produce gynes that leave the nest, mate, 
and return as supernumerary queens (Greene, 1991 ; Vetter & Vischer, 1997; Pickett, 
et al., 2001). 
4.2.4 Swarm-founding Sociality 
Swarm founding is a major evolutionary transition sensu Maynard Smith & Szathmary 
(1995). Reproductive propagules are swarms containing a single queen (Provespa, 
Matsuura, 1999) or multiple queens (all others) and a larger number of workers that 
leave their natal colony and establish a new nest elsewhere. Queens are exclusively egg-
layers. Workers perform all other roles. Swarm-founding Polistinae are the 
Paleotropical genera Polybioides and Ropalidia subgenus lcarielia and the Neotropical 
tribe Epiponini, which contains nineteen genera (Carpenter, 2004). 
4.3 Why Wasps Form Social Groups 
Several ecological and life history factors contribute to the success of social groups in 
wasps. Social nesting can provide benefits including improved food acquisition, defense 
against predators and parasites, regulation of nest homeostasis, and distributed work in 
the care of young. 
4.3.1 Resource Acquisition and Use 
Resource acquisition by nesting wasps is limited by a wasp ' s foraging range. Most 
solitary species take only a narrow range of prey items, e.g. a single species, genus, or 
family or, in mud daubers, spiders in a narrow size range. Social wasps take a broader 
taxonomic diversity and size range of prey. This evolutionarily significant correlate of 
sociality enables social wasps to collect more prey biomass than solitary wasps and rear 
more offspring. 
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A challenge for all predatory wasps is that intact prey may contain parasitoid eggs 
or larvae that can then consume the wasp larva. Social wasps and a few related 
solitary species have adapted to the parasitoid problem by progressively provision-
ing their larvae through the full course of larval development with prey items that 
have been thoroughly pre-processed. Prey are minced into small fragments by 
Stenogastrinae or thoroughly malaxated (i .e. kneaded using the mandibles into an 
unrecognizable mass) by Polistinae and Vespinae, thereby killing any parasitoid 
eggs or larvae in the prey . 
4.3.2 Predator Avoidance 
Foraging solitary wasps cannot defend nests against cleptoparasites (usually other wasp 
species) that enter nest cells and lay an egg that becomes a larva that feeds on provisions 
gathered by the nesting wasp. Multiple adults on social wasp nests can defend against 
cleptoparasites and parasitoids that attempt to inject eggs into larvae. Nest predation by 
birds and by hornets in the Paleotropics are major causes of colony failure. Social wasps 
have diverse of visual behaviors to deter predators (Akre, 1982; O'Donnell, et al. , 
1997). Some epiponines can spray highly initating venom into vertebrate predators ' 
eyes (Hunt, et al., 200lb). Vespinae and many swarm founding wasps have painful 
stings and aggressive nest defense. 
As defense against ants, some Stenogastrinae use a gelatinous glandular secretion 
applied in rings around the narrow exposed plant rootlet to which their nest is 
attached (Turillazzi & Pardi, 1981; Turillazzi, 1987; Sledge, et al., 2000). Paper 
wasp nests hang from a slender stalk (nest petiole) that adults rub with the underside 
of their abdomen, depositing a non-gelatinous glandular secretion with ant repellent 
properties (Jeanne, 1970; Smith, et al., 2001). Enclosed nests of swarm-founding 
species, many of which lack the gland, may be an adaptive defense against ant 
predation (Smith, et al., 2001).The small epiponine Parachartergus colobopterus 
can spray venom that may repel ants (Jeanne & Keeping, 1995). Ant predation on 
wasps' brood probably plays a major role in short nest durations of many tropical 
species (Jeanne, 199la). 
Polistes single foundress colonies generally have higher failure rates than co-
foundress colonies (Gibo, 1978; Reeve, 1991 ; Field, et al., 1998a; Tibbetts & Reeve, 
2003), indicating that predation pressure can favor multiple foundress associations 
(Strassmann, et al., 1988; Tindo, et al., 2008). 
4.3.3 Homeostasis 
Social wasps have diverse adaptations to deal with environmental variation (Seeley & 
Heinrich, 1981; Jones & Oldroyd, 2007). Unenclosed paper wasp nests provide limited 
ability to regulate nest temperature, which probably restricts paper wasp distributions to 
temperate and tropical zones. Possible adaptations to nesting in more northernly 
latitudes include nesting in sun-warmed sites (Jeanne & Morgan, 1992) and construct-
ing a "functional envelope" of elongated empty cells at the nest periphery (Yamane & 
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Kawamichi, 1975). Cooling the nest and brood during elevated ambient temperatures is 
the apparent function of an adult fanning its wings while standing on the nest, often also 
expelling water droplets to foster evaporative cooling (Pardi, 1948; Giannotti, 1999). 
Even though it is unknown whether any paper wasp maintains an elevated brood 
temperature (Weiner, et al., 2010), social regulation of colony temperature can be 
achieved to some degree. 
Vespinae have a multi-layered nest envelope and can maintain the brood chamber at 
or near constant temperature if colony biomass and worker activity generate heat that 
exceeds heat loss, but thermoregulatory ability is poor at small initial and declining 
colony sizes (Gibo, et al. , 1974a,b; Martin, 1988, 1992). Hornet foundresses can warm 
their first brood by curling their body around the nest pedicel (a larger attachment than 
paper wasps' nest petiole) within the initial single-layer envelope (Makino & Yamane, 
1980). Hornet workers in empty cells adjacent to pupae can pump the abdomen to 
generate heat (lshay, 1973). Vespa, Vespula and Dolichovespula fan at the nest entrance 
during high ambient temperatures (Greene, 1991 ; Ishay, 1973; Riabinin, et al. , 2004). 
Brood chamber temperature regulation probably plays a role in yellowjackets' occur-
rence in high latitudes. 
4.3.4 Mating 
Mating in social wasps takes place separately from colony life. Male Stenogastrinae 
perform "patrolling" flights in open areas that may involve pheromone emission 
(Turillazzi, 1983; Turillazzi & Francescato, 1990; Beani & Turillazzi , 1994). Females 
may come to patrolling aggregations for mating (Pagden, 1962; Turillazzi, 1983 ). 
Polistes occasionally mate on nests (Kundu, 1967; West Eberhard, 1969; Hook, 
1982; O'Donnell, 1994), but most mating occurs away from nests (West Eberhard, 
1969; Kasuya, 1981 a; Reed & Landolt, 1991 ). Belonogaster petiolata males may 
attempt mating on the nest (Keeping, et al., 1986). Some Polistes defend territories 
that contain no resources of value (Beani, et al. , 1992; Polak, 1993) or are near nesting 
or hibernation sites (West Eberhard, 1969; Kasuya, 198la; Post & Jeanne, 1983). 
Larger P. canadensis males hold territories for more days than smaller males, and all 
territorial males are larger than patrolling males (Polak, 1993). Territoriality and either 
patrolling or searching female feeding sites are alternative mating strategies in 
P. canadensis and P. fuscatus (Post & Jeanne, 1983; Polak, 1993). Males of other 
species patrol common routes, stopping at collective perches (Beani, et al. , 1992). Male 
aggregations that can be leks assemble near nests, hibemacula, or environmental 
features such as hilltops or other distinctive features (Reed & Landoldt, 1991; Beani, 
et al., 1992). Males often rub the underside of the abdomen, mandibles, or legs on 
frequently-used perches, indicating scent marking (Wenzel, 1987b; Beani & Calloni, 
1991; Reed & Landolt, 1991). 
Most solitary wasps are singly-inseminated (Thornhill & Alcock, 1983), as are most 
social wasps, including Polistes species, the swarm-founders Parachartergus colobop-
terus, Brachygastra mellifica and Polybioides tabidus, the hornet Vespa crabro, and the 
yellowjacket genus Dolichovespula (Strassmann, 2001). Double or triple inseminations 
96 James H. Hunt and Amy L. Toth 
in Ropalidia marginata, Polistes biglumis, Vespa crabro, and Dolichovespula spp. 
(Muralidharan, et al., 1986; Seppa, et al., 2011) indicate that a physical constraint to 
multiple mating is unlikely (Strassmann, 200 I). Multiple mating is a derived trait 
(Foster, et al., 1999) that in Vespula is concomitant with colonies that often reach 
thousands of offspring from a single queen. 
4.3.5 Offspring Care 
Most eumenines mass (fully) provision nest cells with intact prey and have no larval 
contact after cell closure. Progressive provisioning with intact prey characterizes some 
eumenines, including the three communal species, with cell closure shortly before a 
larva completes development. Stenogastrinae place minced prey near the mouthparts of 
larvae that then feed on it- a mode called indirect provisioning. Polistinae and Vespinae 
provision larvae directly: Adults thoroughly malaxate prey and hold it against a larva's 
mouthparts. During malaxation the adult imbibes prey hemolymph (Hunt, 1984) that is 
subsequently regurgitated and fed to larvae. Progressively provisioning larvae until 
pupation with processed prey is a central element of wasp sociality. 
4.4 The Role of Ecology in Shaping Sociality in Wasps 
Social wasps are cosmopolitan and occur in a wide variety of habitat types. Temperate 
species with obligate sociality typically have annual colonies. Many tropical species 
with obligate sociality have colonies that last longer than one year. Tropical wasps 
attain the largest species-typical colony sizes. Yamane ( 1996) reviews ecological factors 
affecting the Polistes life cycle. Strassmann & Queller (1989) review ecological factors 
affecting the evolution of wasp sociality. 
4.4.1 Habitat and Environment 
Social wasps live in vegetated deserts, arid scrublands, dry forests, mesic forests, 
rainforests, high latitude/altitude coniferous forests, and arctic tundra. Paper wasps 
nesting in vegetated deserts can experience temperatures as high as 45°C; those nesting 
in high latitudes can experience temperatures as low as 0°C. Sheehan, et al. (2015) give 
an in-depth investigation of environmental variables that affect the frequency and 
biogeographic distribution of multiple foundress Polistes colonies. Some Polistes and 
Mischocyttarus gynes migrate to higher elevation, cooler sites during the lowland dry 
season and return as foundresses when the wet season begins (Hunt, et al., 1999; 
Manzanilla, et al., 2000; Gobbi, et al., 2006). Swarm-founding sociality generally 
requires an equable year-round climate, but some Epiponini nest in regions with strong 
wet/dry seasonality and diminish or suspend brood rearing during the dry season. 
Others migrate seasonally to cooler, moister, sometimes higher elevation sites, remain 
clustered there without constructing a nest, then return and establish a new nest 
(Naumann, 1970; Hunt, et al., 200la). 
Sociality in Wasps 97 
4.4.2 Biogeography 
Asynchronous and aseasonal colony cycles of Stenogastrinae reflect their distribution 
exclusively in lowland wet tropics of the Indo-Pacific. Paper wasps are distributed 
worldwide in temperate and tropical zones: cosmopolitan Polistes, Western Hemisphere 
Mischocyttarus, Ea<;t Asian Parapolybia, sub-Saharan Belonogaster, and Ropalidia 
subgenus /carolia in Afrotropical, Indomalayan and Australasian regions. Swarm-
founding wasps exist only in tropical and, in a few species of Epiponini, lower 
subtropical latitudes (e.g. Sugden & McAllen, 1994). Vespinae are distributed primarily 
in temperate and boreal latitudes, although some Dolichovespula extend well into high 
latitudes and some Vespa occur in tropical lowlands of southern and southeastern Asia 
(Matsuura & Yamane, 1990). The lowest latitude of a non-adventive Western Hemi-
sphere vespine is the yellowjacket Vespula squamosa in highland forests of Honduras 
(Hunt, et al., 2001b). 
4.4.3 Niches 
Social wasps take a wide range of prey and occupy a broad predatory niche. Ecological 
impact of social wasp predation on other insects and arachnids can sometimes be 
substantial. In an extreme example, Vespula vulgaris and V. germanica introduced into 
New Zealand reach high densities based on abundant honeydew from scale insects and 
take over 99 percent of available Lepidoptera larvae and spiders (Harris, 1991; Beggs, 
200 I). Epiponine wasps could be the most significant insect predators of other insects in 
the Neotropics. Masarinae pollinate flowers as they gather pollen and nectar (Gess, 
1996). Paper wasps visit flowers for nectar but are inefficient pollinators. 
4.5 The Role of Evolutionary History in Shaping Sociality in Wasps 
Hunt (1999) maps traits of morphology and behavior relevant to wasp social evolution 
onto a phylogeny of Hymenoptera. The phylogenetic tree in Figure 4.1 similarly 
provides a framework to map evolutionary changes from ancestral to derived states 
for traits of anatomy, reproduction, and behavior relevant to sociality in Vespidae 
(Hunt, 2007). Numbered traits on one branch are novel adaptations in the shared 
common ancestor of all taxa, both solitary and social, on more distal branches. Haplo-
diploidy enables wasps to choose offspring sex by fertilizing eggs (producing females) 
or not (producing males}, an important ancestral trait for producing only females, which 
work, during periods of colony growth. Monandry (single insemination) is ancestral. 
Emergence from pupation with undeveloped ovaries necessitates proteinaceous nour-
ishment prior to oviposition, but the thread waist constrains possible sources to liquids 
only. Nesting protects larvae. Oviposition in an empty nest cell enables progressive 
larval provisioning from eclosion from the egg to pupation. Mincing (Stenogastrinae) or 
malaxating (Polistinae) prey items enables provisioning larvae with easily ingested prey 
tissue and eliminates risk of introducing parasitoid eggs or larvae. Larval saliva 
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provides a source of proteinaceous nourishment at the nest. It is the key trait in social 
wasp evolution that attracts newly-emerged females with active reproductive physi-
ology but undeveloped ovaries to remain at their natal nest (Roubaud, 1916; Hunt, 
2007), thereby establishing an overlap of generations and context for allomaternal care. 
Traits at numbered branches near social taxa have higher salience for sociality than traits 
at more basal branches; however, sociality in Vespidae incorporates a synthesis of all 
traits shown in Figure 4.1 (Hunt, 1999, 2007). 
II SOCIAL TRAITS 
The defining feature of social wasps is the existence of caste-containing societies with 
highly fecund queens and non-reproducing workers. Much work has focused upon 
understanding behavioral traits associated with sociality, including visual, chemical, 
and vibrational communication. Similar attention has been given to traits of develop-
ment, physiology, genetics associated with the evolution of castes, and the evolution of 
increased female lifespan, especially in queens. 
4.6 Traits of Social Species 
4.6.1 Cognition and Communication 
Nestmate recognition is ubiquitous in social wasps. Individuals must be assessed to 
either "belong or not belong" to a colony. Aggressive rejection of non-nestmates is 
based on odors, especially cuticular hydrocarbons (CHCs), acquired from the nest and 
nestmates (reviewed in Richard & Hunt, 2013). Polistes nestmates have a CHC profile 
distinct from that of other colonies, providing a likely cue to group membership. Young 
individuals may have a more generic CHC profile and are more likely to be accepted by 
other colonies or even drift between nests, which appears to be relatively common 
(Kasuya, 1981b; Tsuchida & Ito, 1987; Gamboa, 2004). In Polistes dominula [dom-
inulus] and Vespa crabro, CHCs differ between a foundress' offspring and those of a 
usurping queen or following within-colony queen turnover (Dani, et al., 2004). Worker-
less obligate social parasite Polistes species adopt the CHC odor of the P. dominula 
colony they invade and usurp (Sledge, et al., 200la; Lorenzi, et al., 2004). CHC profiles 
differ among P. dominula co-foundresses that differ in dominance status, and profiles 
can dynamically change after an individual ascends in dominance rank (Sledge, et al., 
2001b), although there is no clear "signature of' CHC dominance status (Monnin, 2006; 
Toth, et al., 2014). Polistes fuscatus can recognize some non-nestmate kin, presumably 
due to genetically-based differences in cuticular odor (Gamboa, et al., 1987, Gamboa 
1988). 
Several Polistes species have variable facial color patterns (Tibbetts, 2004), which 
are also found in at least two species of Stenogastrinae (Baracchi, et al., 2013). In 
Polistes dominula, coloration of the clypeus (facial region between the eyes and above 
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the mandibles) is yellow or yellow with black spots or splotches in varied sizes and 
shapes (Tibbetts & Dale, 2004). Laboratory studies of P. dominula in its invasive range 
in the United States found that wasps with more broken black patterning tend to have 
better fighting ability and are dominant in staged contests between wasp pairs (Tibbetts, 
2006; Tibbetts & Lindsay, 2008). Greater amounts of black and broken patterning are 
associated with higher juvenile hormone titers and better nourishment during develop-
ment, suggesting that clypeal markings indicate reproductive potential (Tibbetts & 
Curtis, 2007; Tibbetts, 2010). Field studies of P. dominula in its native range in Italy 
and Spain, however, showed no relationship between facial color patterns and size, 
probability of surviving overwintering, social rank in spring associations, health status, 
or reproductive success (Cervo, et al., 2008, Green, et al., 2013). Some species, such as 
P. fuscatus, may use highly variable facial color patterns for individual recognition 
(Tibbetts, 2002; Sheehan & Tibbetts, 2008). Not all Polistes species have variable facial 
color patterns, and visually based individual recognition in Polistes likely depends upon 
the social and nesting context of each species (Greene & Field, 2011; Tibbetts, et al., 
2011). 
Vibrational signals (reviewed in Hunt & Richard, 2013) occur in nine genera 
(Brennan, 2007) but are likely under-documented and under-appreciated for their roles 
in colony life. Three main vibratory signals in Polistes are antenna! drumming, abdo-
men wagging, and lateral vibrations of the entire body. All play roles in adult-larva 
interactions and are performed most often by foundresses in pre-worker emergence 
nests (Cummings, et al., 1999; Suryanarayanan & Jeanne, 2008; Suryanarayanan, et al., 
201 la). Antenna! drumming is a maternal manipulation (Alexander, 1974) with an 
indirect genetic effect on larvae that reduces their reproductive capacity and increases 
their likelihood of becoming a worker following emergence as adults (Suryanarayanan, 
et al. , 2011a,b; Jandt, et al., 2014). 
4.6.2 Lifespan and Longevity 
Colony lifespans vary widely in social wasps, with high nest failure rates in many 
species. Nest failure rates for Stenogastrinae are high (Turillazzi, 2012). The colony 
cycle for Parischnogaster nigricans serrei was 7 to 8 months for three nests (Turillazzi, 
2012), although mature P. nigricans serrei colonies can last indefinitely (Turillazzi, 
1985). Development time from egg to adult emergence can be extremely long - an 
average of I 00 days in Liostenogaster fiavolineata (Turillazzi, 2012). 
In Vespinae, colony failures prior to gyne emergence were 83 percent in V. crabro, 
75 percent in V. analis, and 69 percent in V. tropica (Matsuura & Yamane, 1990). 
Yellowjacket colonies' survival until the end of the colony cycle was 5.5 percent for 
Vespula maculifrons (MacDonald & Matthews, 1981 ), a combined 29 percent and 54 
percent in successive years for Dolichovespula maculata and D. arenaria nests on 
buildings (Pallett, 1984), and 63 percent for Vespula vulgaris (Archer, 1981). 
The epiponine Parachartergus colobopterus has log-linear colony survivorship aver-
aging 347 days, 10 percent remaining at 600 days, and 0.5 percent of colonies reaching 
the maximum 1,500 days (Strassmann, et al. , 1997a). Given that a swarm-founding 
100 James H. Hunt and Amy L. Toth 
wasp colony can maintain integrity by absconding from its current nest and founding a 
new nest elsewhere, colonies can arguably be said to approach immortality if they 
continue to produce new adults and daughter colonies. The epiponines Chartergus 
chartarius, Epipona tatua, and Polybia liliacea have durable nest exteriors (perhaps 
to exclude bird or bat predation: Jeanne, 1991a) and can last for years. Polybia 
scutellaris nests can last 25-30 years (Vesy-Fitzgerald, 1938; Richards, 1978). 
Solitary wasps' life spans are typically short. The mud dauber Sceliphron assimile 
has Jog-linear survivorship of nesting females, reflecting stochastic mortality events, 
with a maximum 45 to 50 day reproductive longevity (Hunt, 1993). Adult longevity in 
social wasps may be much shorter than colony lifespans and varies widely depending 
on species, caste, and climate (Toth, et al., 2016). In general, social wasps show the 
typical reversal of the longevity-fecundity tradeoff also found in other social insects: 
queens are not only more fecund but also are longer Jived than workers. Queen-worker 
longevity differences are less pronounced in aseasonal tropical species compared to 
seasonal or temperate species, in which queens usually live for one year, whereas 
workers may only live for a few weeks. Across species, there is also a trend for large-
colony species to have shorter worker longevities than small-colony species (Toth, 
et al., 2016). Shorter worker lifespans may be selected for in more derived forms of 
sociality. The "disposable caste/soma" idea posits that colonies should reduce invest-
ment in maintenance and lifespan of non-reproductive members with high extrinsic 
mortality (Lucas & Keller, 2014). 
4.6.3 Fecundity 
The solitary mud dauber Sceliphron assimile averages 1.6 female offspring with a 
maximum of 26 (Hunt, 1993). In wasps with obligate sociality, mortality can be 
extremely high for foundresses and small colonies, but the few colonies that reach the 
gyne production stage can produce many reproductive offspring. It can be said that 
solitary wasps have high probability of low fecundity , whereas social wasps have low 
probability of high to very high fecundity. A small number of queens produce the 
majority of foundresses in the next generation, a demographic factor with a direct ti tness 
effect that would have played a major role in the evolution of obligate sociality (Hunt, 
2007). 
Fecundity in the facultatively social Stenogastrinae would be low, but movement 
between nests, usurpation, etc., inhibit taking robust data. Polistes colonies rarely 
exceed 100 contemporaneous adults (Pickett, et al., 2001), but a nest of Polistes 
olivaceous in India had 1,546 nest cells (Alam, 1958), and a P. annularis nest in 
Kansas produced at least 1,500 gynes (Wenzel, 1989). Due to high colony failure rates, 
maximum colony size is far from typical for any Polistes species and at best provides a 
rough estimate of maximum gyne production. Tropical paper wasps with Jong-lived 
colonies can have within-colony queen replacements (serial polygyny), which may be 
common. Queen durations ranged from 7 to 236 days in Ropalidia marginata (Gadag-
kar, et al., 1993) and 32 to 88 days in Mischocyttarus drewseni (Jeanne, 1972). 
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Typical yellowjacket colonies in the U.S. can reach sizes of 8,000 to nearly 600,000 
(MacDonald & Matthews, 1981; Pickett, et al., 2001). Colonies in the southeastern 
United States and California that overwinter and become multi-queen reach very large 
sizes (Ratnieks, et al., 1996; Pickett, et al., 2001). Gyne production in Vespinae can 
reflect species-typical colony sizes, e.g. a few tens of gynes in Vespa tropica vs. an 
estimated 1,000 in V. simillima (Matsuura & Y arnane, 1990). Although colony sizes 
and gyne productivities are noteworthy, effective fecundity is the number of gynes in 
one year that produce successful colonies the following year. In England, Vespula 
vulgaris and Dolichovespula sylvestris gynes had 99.9 and 99.6 percent cumulative 
mortalities resulting in per-colony means of 1.1 and 0.9 successful colonies the 
following year (Archer, 1984). 
Swarm-founding wasp colony sizes are species-typical, ranging from a few tens in 
some Epiponini to tens of thousands. The largest colonies are those of Agelaia vicina in 
Brazil , reaching an estimated 7 .5 million nest cells and one million adults (Zucchi, 
et al., 1995). Swarm-founding effective fecundity is not colony size, however, but is 
instead the number of a colony's successful reproductive swarms, which has never been 
quantified. 
4.6.4 Age at First Reproduction 
Given that all female Stenogastrinae are potentially reproductive, age at first reproduc-
tion could be age at first oviposition but would more accurately be age at oviposition for 
the first successful adult emergence. Age at first reproduction for independent-founding 
Polistinae and Vespinae with an annual life cycle could be the age as timed from the end 
of diapause to first oviposition. However, first offspring are usually workers, therefore 
age at first reproduction could be queen age at oviposition of the first reproductive 
offspring. In a more abstract view, queens producing gynes in a region with the same 
year-to-year environmental conditions would have been gynes in the preceding year and 
have an average calendar age at first reproduction of one year. 
If the queen should be lost in a multi-queen paper wasp colony, the most dominant 
co-foundresses becomes queen in Polistes dominula (P. gallicus in Pardi, 1948) and 
P. canadensis (P. erythrocephalus in West Eberhard, 1969). In species with annual colony 
cycles, if the queen of a Polistes colony should die with no replacement co-foundress, 
the oldest or one of the older workers can become queen and reproduce in its first year 
in Polistes dominula (Pardi, 1948), P. exclamans (Strassmann & Meyer, 1983), and 
P. instabilis (Hughes & Strassman, 1988). In P. exclamans, such queens can mate with 
early males and produce females (Strassmann, 1981 a,c ). Ropalidia revolutionalis 
replacement queens appear in sequence in a dominance hierarchy of co-foundresses 
followed by serial replacement in a dominance hierarchy of workers (Henshaw, et al., 
2004). Ropalidia marginata replacement queens do not fit the pattern of other paper 
wasps in that they are not the dominant wasp at the time of queen loss (Gadagkar, 
1991 a, 2001 ). In tropical species with colonies persisting for extended periods, the 
replacement queen is young and has done little foraging in P. canadensis (West 
Eberhard, 1969) and Mischocyttarus drewseni (Jeanne, 1972). Parapolybia indica is a 
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temperate zone paper wasp in which replacement queens can have older as well as 
younger sisters (Suzuki, 2003). Young offspring are the potential queens in the epipo-
nines Metapolybia aztecoides (West-Eberhard, 1978), Parachartergus colobopterus 
(Strassmann, et al., 1997a), and Polybioides tabidus (Henshaw, et al., 2000). This 
could be the case in swarm-founding wasps generally. 
4.6.5 Dispersal 
Gynes of wasps with obligate sociality often establish nests in the same area as or even 
close to their natal nest. This pattern, called philopatry, constitutes low or no dispersal. 
Philopatry is common in Polistes (Reeve, 1991) and occurs in Mischocyttarus mexica-
nus (Litte, 1977). Philopatric co-foundresses can often be from the same nest of the 
previous year (Klahn, 1979). In tropical India, female P. stigma leave the nest about one 
week following emergence and show no philopatric tendency (Suzuki & Ramesh, 
1992). This, in combination with single foundresses, is an apparent adaptation to nest 
predation by hornets, which repeatedly forage in sites where they previously found 
P. stigma colonies. 
Wasp swarms move slowly in loose associations rather than quickly in compact 
formations as do honey bees (Jeanne, 1975). Individuals move from landmark to 
landmark on which preceding wasps applied a pheromone marker by rubbing with 
secretory glands on the underside of the gaster (Jeanne, 1975; Naumann, 1975). Apoica 
pallens apparently coordinates swarm movement using an aerial pheromone released by 
elevating the gaster and exposing glands between its terminal segments (Hunt, et al., 
1995). Seasonal colony relocation between habitats could involve as-yet unmeasured 
distances of kilometers, but between-habitat migration does not constitute dispersal 
per se. 
4.6.6 Body Size 
Female solitary wasps are often larger than males, but wasps of each sex are usually 
monomorphic. Stenogastrinae are monomorphic (Turillazzi, 1991 ). Most paper wasps 
have no discrete queen/worker difference, although there can be a range of body sizes 
(Haggard & Gamboa, 1980). Discrete queen-worker difference occurs in the paper 
wasps Belonogaster petiolata (Keeping, 2000, 2002), Ropalidia ignobilis (Wenzel, 
1992), and perhaps Polistes olivaceous (Alam, 1958; Kundu, 1967). Vespinae are 
dimorphic, with queens larger than workers (Matsuura & Yamane, 1990; Spradbery, 
1993; Archer, 2012). 
The swarm-founding Provespa species have queen-worker dimorphism as in other 
Vespinae. The two swarm-founding ropalidiine genera, Polybioides and Ropalidia 
subgenus lcarielia, have discrete queen-worker dimorphism (Yamane, et al., 1983; 
Jeanne & Hunt, 1992; Turillazzi, et al., 1994; Fukuda, et al., 2003). The polistine tribe 
Epiponini has the greatest diversity of queen-worker dimorphism (O'Donnell, l 998b; 
Shima, et al., 1998), with four distinguishable categories: monomorphic with repro-
ductives having few developing ova, monomorphic with readily identifiable queens 
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having many developing ova, queens larger but mostly the same shape as workers, and 
queens shaped differently from workers (Noll, et al. , 2004; Noll & Wenzel, 2008). The 
latter two categories are based on differences in larval development, with quantity and/ 
or quality of nourishment playing a major role (O'Donnell, l 998b). 
4. 7 Traits of Social Groups 
4.7.1 Genetic Structure 
Like all Hymenoptera, social wasps are haplodiploid, a sex-determining system in 
which females are diploid and derived from fertilized eggs, whereas males are haploid 
and derived from unfertilized eggs. Like solitary wasps (Thornhill & Alcock, 1983), 
most social Vespidae are singly mated (Strassmann, 2001). Colonies with a 
singly-mated queen and "supersister" workers (i .e. daughters from a singly-inseminated 
mother) are thus predicted to have a mean sister-sister relatedness of 0.75. Despite this 
prediction, realized relatedness rarely reaches 0.75, instead varyinh widely due to a 
diversity of factors, including multiply-mated queens, multiple queens, egg-laying 
workers, or nest adoption or usurpation (Ross & Carpenter, 1991). Measured and 
estimated relatedness for Polistes colonies ranges from 0.34 to 0.80 (Ross & Carpenter 
1991), and it also ranges widely in swarm-founding wasps (e.g. 0.10 to 0.65 in Polybia 
spp., Queller, et al., 1988). Although related workers typify social species, numerous 
examples of unrelated conspecific workers exist: in facultatively social Stenogastrinae 
(Turillazzi, 1991, 2012; Landi, et al., 2003), following nest usurpation by facultative 
social parasites in Vespinae (Sakagami & Fukushima, 1957; Greene, 1991; Matsuura, 
1991; Archer, 2012), and in Polistes by adoption of an empty nest or usurpation by a 
facultative social parasite (Yoshikawa, 1955; Klahn, 1988; Makino, 1989; Makino & 
Sayama, 1991; Nonacs & Reeve, 1993; Starks, 1998; Hunt, 2009). 
Polistes co-foundress associations typically range from 2 to IO with an average 
between 2 and 5 (Liebert & Starks, 2006; Queller, et al., 2000). Oviposition is almost 
exclusively by a single dominant (Field, et al., 1998b; Queller, et al., 2000; Liebert & 
Starks, 2006; Nonacs, et al., 2006). The proportion of related co-foundresses in P. 
dominula is 65 to 85 percent (Queller, et al., 2000; Leadbeater, et al., 2011) and 77-93 
percent in P. fuscatus (Klahn, 1979). Unrelated co-foundresses can be a non-negligible 
proportion of the population, and there are rare cases of two species co-founding 
(Snelling, 1952; Hunt & Gamboa, 1978; O'Donnell & Jeanne, 1991). Therefore, 
relatedness is not required for co-founding. Learned olfactory cues from cuticular 
hydrocarbons can potentially be a proxy for identifying individuals that are usually 
kin (Klahn & Pilgrim 1985; Gamboa, et al., 1986). 
There is disagreement on the importance of relatedness in the evolution of sociality 
(e.g. Foster, et al., 2006; Hunt 2007; Abbot, et al., 2010; Nowak, et al., 2010; Wilson & 
Holldobler, 2005). Social wasps provide evidence both for and against the role of 
relatedness in group formation and integration. Although a review of the controversy 
is beyond the scope of this chapter, social wasps have provided tests of some key 
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predictions of kin selection. Ancestral single mating by queens (Strassmann, 2001), 
absence of male production by workers, queen mating frequency in vespines, and sex 
ratios in several polistines (reviewed by Bourke, 2005) support predictions of kin 
selection theory. Low intra-colony relatedness does not support kin selection predic-
tions. Alternative models to inclusive fitness focus on individual fitness (Nowak, et al., 
2010) or group selection (Wilson & Holldobler, 2005). Wilson & Holldobler (2005) and 
Wilson (2008) suggest that relatedness is not a driver of the evolution of sociality, but 
an evolutionary role for relatedness among colony members arises as a consequence 
rather than cause of sociality. 
4. 7 .2 Group Structure, Breeding Structure, and Sex Ratio 
The fundamental breeding structure of facultative and obligate sociality is independent 
founding by a singly-inseminated female (Strassmann, 2001). Swarm-founding wasp 
colonies, except those of Provespa, have multiple queens, among which single insem-
ination is the apparent norm (Strassmann, 2001), and most or all queens lay eggs. Queen 
number in newly-founded colonies diminishes before the emanation of new swarms 
containing many young queens, resulting in a pattern called cyclical oligogyny (Strass-
mann, et al., 1992; Queller, et al., 1993; Henshaw, et al., 2000, 2004; Nascimento, 
et al., 2004). 
Haplodiploid sex determination enables natural selection for sex ratio bias, which is 
widespread and diverse throughout Hymenoptera. Selection for sex ratio bias in social 
wasps resulted in primarily female offspring as the earliest brood (protogyny). Because 
females have maternal behavioral repertoires and because males do not work, protogyny 
yields an early brood of potentially allomaternal workers rather than non-working, 
energy-consuming males. 
Yoshikawa, et al. (1969) report a Polistes-like dominance hierarchy in a colony of a 
Parischnogaster species. In P. jacobsoni, a dominant female is easily discernable by her 
aggressive behavior and nestmates' submissive postures and behaviors, and the domin-
ant had the greatest ovary development in five of six nests (Turillazzi, 1988). Domin-
ance interactions in Liostenogaster vechti are rare (Turillazzi, I 988). 
Dominance hierarchies exist in Polistes, Mischocyttarus, Belonogaster, and 
Ropalidia (Pardi, 1948; Tindo, et al., 1997; O'Donnell, 1998a; Sumana & Gadagkar, 
2001). Dominance interactions occur among co-foundresses during nest founding, 
between queens and workers after worker emergence, and between gynes in pre-
hibernation aggregations (Dapporto, et al., 2006). Polistes dominance interactions 
include physical aggression; ritualized biting, grappling, and stinging; and signal 
behaviors including open mandible lunging, posturing, wagging the abdomen, 
and placing the body on top of another individual. Dominance is established rapidly 
within a few minutes of interactions between two individuals. Dominant individuals 
typically retain dominant status by occasional signal behaviors and oophagy (i.e. egg-
eating) of any eggs laid by subordinates (Jandt, et al., 2014). Deleurance (1948) 
removed the developed ovaries of dominant Polistes, but when an ovariectomized 
dominant was returned to the nest she retained her dominant status. Dominance 
Sociality in Wasps 105 
hierarchies are somewhat fluid in respect to newly-emerged lower ranked individuals or 
death of higher ranked individuals, including the queen (West Eberhard, 1969; Jeanne, 
1972). 
In most paper wasps, dominant queens are aggressive, and tasks are partitioned by 
queen-to-worker top-down control (e.g. Polistes fuscatus, Reeve & Gamboa, 1983, 
1987). Colony activity is initiated by workers, not queens, in Polistes instabilis and 
P. dominula (Jha, et al., 2006). Dominant individuals spend more time on the nest and 
initiate new nest cells, whereas subordinates typically do more foraging, extending nest 
cells, and brood care (Gadagkar, 1980; Gadagkar & Joshi, 1983). Ropalidia marginata 
has three behavioral worker castes called sitters, fighters, and foragers (Gadagkar & 
Joshi, 1983). R. marginata queens are docile and subordinate or may not participate in 
dominance interactions (Chandrashekar & Gadagkar, 1991; Gadagkar, 2001), but 
following queen loss the successor queen quickly expresses dominance behaviors 
toward other colony members that continue diminishingly until her queen status is 
established and she becomes docile and subordinate. Dominance interactions among 
R. marginata workers regulate foraging rather than reinforce queen status (Sumana & 
Gadagkar, 2001), and R. marginata appears to be approaching colony-level self-organ-
ization of work without top-down control (Premnath, 1995). 
Age polyethism is not well developed in wasps with obligate sociality (Jeanne, 
1991a) but occurs in some vespines (Kim, et al., 2012). Ropalidia marginata has a 
honey bee-like age polyethism in which task allocation is more strongly linked to a 
worker's relative age among nestrnates than to age since emergence from pupation 
(Naug & Gadagkar, 1998; Agrahari & Gadagkar, 2004). Swarm-founding Polistinae 
show the strongest age polyethism in Vespidae (Jeanne, 199lb). Young Polybia 
occidentalis build nests and care for brood, intermediate age individuals maintain and 
defend the nest, and older individuals are foragers (Jeanne, et al., 1988). Nest building 
and repair in P. occidentalis is mediated by worker-worker interactions among three 
specialized worker groups - wood-pulp foragers, water foragers, and builders - that 
coordinate and regulate activities in a self-organized manner (Jeanne, 1986). The system 
works efficiently, is capable of increasing or decreasing total building effort, and can 
self-correct in response to unexpected perturbations that cause mismatched efforts of the 
three groups (Jeanne, 1986). 
Several vespine species have dominance interactions among post-hibernation gynes, 
including differential food intake, biting, and stinging (Matsuura, 1984; Greene, 1991). 
Overt aggression is rare in vespine colonies with a functional queen. Instead, queen 
reproductive dominance is typically established and maintained by chemical means, 
likely involving the production of ovary-inhibiting pheromones (Greene, 1991). Many 
vespine workers can undergo ovary development and lay male-producing eggs if a 
colony loses its queen, but the presence of a few egg-laying workers in Dolichovespula 
queen-right colonies (Foster, et al. , 2001) may reflect suppression of workers' ovary 
development by among-worker dominance interactions (Greene, 1991 ). 
Queens' status in swarm-founding wasp evolution moved from dominance behavior 
to dominance signals (e.g. Metapolybia aztecoides, West-Eberhard, 1978) and/or queen 
pheromones (Kocher & Grozinger, 201 I). Pheromones are presumed to be the primary 
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modality by which vespines suppress worker reproduction (Greene, 1991). The paper 
wasp Ropalidia marginata has a queen pheromone (Bhadra, et al. , 2010). If sought, 
queen pheromones will doubtlessly be found in other paper wasps and Epiponini. 
Ill SOCIAL SYNTHESIS 
4.8 A Summary of Wasp Sociality 
All stinging Hymenoptera (suborder Aculeata) are known as wasps, excepting the major 
radiations known as ants and bees. Most wasps are solitary: each female, acting alone, 
produces her offspring, all of which are reproductives. Social wasps comprise a 
minuscule fraction of Aculeata. Vespidae encompasses the full range of grades of insect 
sociality: solitary, communal, and facultative, obligate, and swarm-founding sociality. 
Everything from the origins of worker behavior to the elaboration of sociality into 
complex forms can be studied within this family. 
4.9 Comparative Perspectives on Wasp Sociality 
Together with all termites, all ants, and some bees, wasps are considered one of the four 
main social insect taxa. The sociality of all four is characterized by species that fulfill 
the classical defining criteria for eusociality. Wasps, ants, and bees are Hymenoptera in 
suborder Aculeata. There have been multiple origins of sociality within Aculeata, 
especially among bees (Michener, 1974). Excepting communal sociality, the evolution 
of Hymenopteran sociality is most accurately viewed as multiple parallel evolutions of 
mother-daughter social structures arising from solitary nesting with subsocial maternal 
care. There is, therefore, a suite of traits that are similar in all social Hymenoptera. 
including anatomy, physiology, behavior, and life history (Wilson, 1971 ). In addition, 
many of the same metabolic pathways and molecular functions, but not exactly the 
same genes, are associated with caste differences in paper wasps, bees, and ants 
(Berens, et al. , 2015). These data lend support to the notion that there is a conserved 
"toolkit" of gene networks related to caste evolution across social Hymenoptera (Toth, 
et al., 2010). 
The shared common ancestor of the four tribes of corbiculate bees (Chapter 3) 
would have had been social with a mother-daughter colony structure. Most orchid bees 
(Euglossini) have reverted to solitary life, but some are communal, and some are 
weakly social (Cardinal & Danforth, 2011). Bumble bees (Bombini), excepting the 
obligate social parasite clade Psythyrus, have obligate sociality identical to that of 
Vespinae. All species of Apis (Apini) are single-queen and swarm-founding. The honey 
bee, Apis mellifera, has developmental, morphological, behavioral, and reproductive 
differences between workers and queens (Michener, 197 4) that are analogous to some 
swarm-founding wasps. Also analogously to Polistinae and Vespinae, caste determina-
tion in A. mellifera involves specific gene activation in both workers and queens 
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(Evans & Wheeler, 1999). Stingless bees (Meliponini), excepting a few polygynous 
species (Velthuis, et al., 2001) are several genera of swarm-founding, single-queen 
species (Michener, 1974). The three social tribes of corbiculate bees therefore reflect the 
matrifilial sociality of their common ancestor, as is the case with the ancestral matrifilial 
sociality of Polistinae and Vespinae. 
Hymenoptera have complete metamorphosis (holometabolism) comprised of larva 
to pupa to adults, whereas termites (Chapter 5) have incomplete metamorphosis 
(hemimetabolism) and pass through a series of molts, with each instar having increas-
ingly adult-like features before reaching the adult reproductive form with wings. All 
termites have a soldier caste, which is not the case for social wasps. Colonies are 
initiated not by a single foundress but instead by a male/female reproductive pair, and 
both male and female termites work. Immature soldiers and workers of "one piece" 
termites can become supplementary or replacement reproductives, whereas "multiple 
piece" termites have a discrete worker caste incapable of reproduction. Despite these 
significant ctifferences between social wasps and termites, there are also significant 
similarities. Termite sociality is based upon a subsocial ancestor (Nalepa, 2015). Nalepa 
(2015) lays out a scenario in which a wood roach-like ancestor living in a nest chamber 
from which immatures did not disperse could have had a second brood, with the 
immature first brood providing heterochronic alloparental care to the second brood in 
the same social structure as one piece termites and wasps with obligate sociality. From 
this initial structure of two overlapping generations, termites evolved a suite of mor-
phological, behavioral, and physiological traits that made their sociality obligate 
(Nalepa, 2015). In addition to similarity in evolutionary history, striking overlap occurs 
between termites and social Hymenoptera in genes controlling caste and the shift of 
parental care to offspring via heterochrony, suggesting co-option of similar develop-
mental mechanisms (Howard & Thome, 2011). 
Thrips, aphids (Chapter 6), and snapping shrimp (Chapter 8) are also hemi-
metabolous. Their worker behavior consists of defending a plant gall or marine sponge 
rather than brood care, thus it is fundamentally different from wasp sociality. Nonethe-
less, a significant analogy among all social species is occupancy of a nest or nest-like 
structure. 
Like some social vertebrates and despite fundamental differences between insects and 
vertebrates, simple wasp societies are characterized by a combination of conflict (i.e. 
dominance hierarchies) and cooperation (e.g. group defense, care of young, colony co-
founding) (Brockmann, 1997). In particular, Polistes and other small-colony social 
wasps are structured by dominance hierarchies that show striking similarities to 
hierarchically-structured vertebrate societies, including those of coopratively breeding 
birds, mammals, and even humans (Crespi & Yanega, 1995). 
4.1 O Concluding Remarks 
Wasps span the full range of insect sociality: solitary, communal, and facultative, 
obligate, and swarm-founding sociality. Although a few communal species occur in 
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Pompilidae and Sphecidae, all other social wasps are in Vespidae, a family containing 
all grades of sociality, from solitary to swarm-founding. Great diversity exists in social 
wasp natural history, ecology, behavior, and colony structure. Molecular tools to 
investigate phylogenetics and relatedness are well established, and molecular tools to 
investigate mechanisms of development, physiology, and gene expression are being 
rapidly developed. Since the 1970s, there has been a narrow focus on the role of 
relatedness in the evolution of wasp sociality. A more comprehensive view of wasp 
sociality is emerging from mechanistic approaches to study the evolution of sociality 
including maternal control and its effects on development, behavior, and reproduction; 
reproductive heterochrony at behavioral, physiological and gene expression levels; and 
insights being derived from "toolkits" of shared genes and physiological pathways that 
play roles in the multiple origins and parallel evolutions of insect sociality. Although 
wasps provide the best context to study the evolution of insect sociality, there is a 
paucity of studies on physiology and genetics of several groups, especially Eumeninae 
and Stenogastrinae (Jandt & Toth, 2015). We suggest fruitful areas for expanding future 
study of wasp sociality will include comparative genomics, epigenetics, and indirect 
genetic effects. 
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